Abstract: Two mathematical models with seven and six parameters have been created for use as methods for identification of the optimum mobile phase in chromatographic separations. A series of chromatographic response functions were proposed and implemented in order to assess and validate the models. The assessment was performed on a set of androstane isomers. Pearson, Spearman, Kendall tau-a,b,c and Goodman-Kruskal correlation coefficients were used in order to identify and to quantify the link and its nature (quantitative, categorical, semi-quantitative, both quantitative and categorical) between experimental values and the values estimated by the mathematical models. The study revealed that the six parameter model is valid and reliable for five chromatographic response factors (retardation factor, retardation factor ordered ascending by the chromatographic peak, resolution of pairs of compound, resolution matrix of successive chromatographic peaks, and quality factor). Furthermore, the model could be used as an instrument in analysis of the quality of experimental data. The results obtained by applying the model with six parameters for deviations of rank sums suggest that the data of the experiment no. 8 are questionable.
Introduction
Chromatographic analysis, defined as the technique used for separation of a mixture of compounds by their distribution between two phases, was invented in 1901 by the Russian botanist Mikhail Semyonovich Tsvet, during his research on plant pigments [1] . He used liquid-adsorption column chromatography with calcium carbonate as adsorbent and petroleum ether/ethanol mixtures as eluent to separate chlorophylls and carotenoids. The method was presented at the XI Congress of Naturalists and Doctors in St. Petersburg in 1901 but the term "chromatography" was used for the first time in 1906 in a paper published in the Berichte der Deutschen Botanischen Gesellschaft Journal [2] .
Today, chromatography is a separation method frequently used in chemistry [3, 4] , biology [5, 6] , and medicine [7, 8] as an analytical technique. The choice of the optimum mobile phase composition is the most difficult and most time-consuming task [9, 10] . Optimization procedures have been developed by many researchers in order to obtain the optimum mobile phase. Some geometrical or mathematical models were proposed and assessed [11] [12] [13] [14] [15] . Moreover, some optimization methods that use neural networks have been introduced [16, 17] .
A series of experiments were performed and the optimum mobile phases were obtained for different classes of compounds (steroids [18] [19] [20] and benzodiazepines [13, 17] ). The aim of the present research was to assess through statistical parameters and tests two mathematical models created for optimization of mobile phase in chromatographic separation applied on a set of androstane isomers.
Material and Methods

Experimental Measurements
A set of five previously investigated androstane isomers (5α-androstane-3β-ol, 5α-androstane-3α-ol, 5α-androstane-17β-ol, 5β-androstane-3α,17β-diol, and 5β-androstane-3β,17β-diol) [20] was included into the study. Eleven experimental values were considered (see Table 1 ). The 11 th experiment was a result of an optimization method applied on an objective function that suggests the composition of the optimum mobile phase as 55:19:26 (trichloromethane:propanone:petroleum ether). The mathematical models presented in Eqs. (1.1) and (1.2) were used in some studies, including in the investigation of the set of androstane isomers presented in [20, 21] :
M7(x 1 ,x 2 ,x 3 ) = a 1 x 1 + a 2 x 2 + a 3 x 3 + a 4 x 1 x 2 + a 5 x 1 x 3 + a 6 x 2 x 3 + a 7 x 1 x 2 x 3 (1.1)
M6(x 1 ,x 2 ,x 3 ) = a 1 x 1 + a 2 x 2 + a 3 x 3 + a 4 x 1 x 2 + a 5 x 1 x 3 + a 6 x 2 x 3 (1.2)
where M7, M6 = estimator and predictor of the selected chromatographic parameter; x 1 , x 2 , and x 3 = molar fractions of the three solvents (where x 1 + x 2 + x 3 = 1); a 1 , a 2 , a 3 , a 4 , a 5 , a 6 , and a 7 = model coefficients; first determined based on the best estimation of the selected chromatographic parameter (using 7 experiments for M7; 6 experiments for M6) and then used to predict used chromatographic parameter for any composition of the mobile phase (used for not included in model experiments). The concentration of the solvents into the mixture and the experimental data are presented in Table  1 . The chromatography for experiments 1 -11 was performed on 5×10 cm glass HPTLC plates precoated with silica gel 60 F 254 (Merck) ( Table 1) . 
Statistical Validation
The statistical hypothesis of the research was as follows: the mathematical model with seven parameters proposed by Eq (1.1.), and the model with six parameters proposed by Eq (1.2) are reliable and valid models for estimation of a given response function (H 0 ).
A series of parameters were defined and proposed to be used as estimators of the separation quality (see Table 2 ). The terms and symbols used in the assessment of the mathematical model are as were established by the International Union of Pure and Applied Chemistry (IUPAC) in the Nomenclature for Chromatography [22] .
The model is not considered reliable and valid if the null hypothesis (H 0 ) is rejected at a significance level of 5% in the investigation of the response factors (see Table 2 ). Pearson (r), Spearman (ρ), Kendall (τ-a,b,c) and Gamma (Γ) correlation coefficients [23] [24] [25] were used in order to identify and to quantify the nature of the link (quantitative, categorical, semi-quantitative, quantitative and categorical) between experimental and estimated values. The correlation approach was choose for analysis of the quality of the models (Eq (1.1), and Eq (1.2), respectively) due to its ability of identification of linear relationship between two variable (in our case the experimental and estimated values by the proposed mathematical models from Eq (1.1) and Eq (1.2), respectively). ÷ Informational energy is a quality factor computed by the Logit method, which is equal with 0 for an ideal separation ÷ Informational energy is a quality factor which is equal with 0 for an ideal separation ÷ Part of the entries in Table 2 were previously used in the literature, with different names; thus, relating [20] , RFD was reported as Sm.
A significant correlation coefficient (at a significance level of 5%) sustains the validity of the model from Eq (1.1) and Eq (1.2) in the estimation of chromatographic response factors of interest. An online resource hosted by AcademicDirect was used in order to calculate correlation coefficients and associated statistic parameters (http://l.academicdirect.org/Statistics/linear_dependence/).
The difference between two correlation coefficients was tested by using Statistica 6.0 software, Basic Statistics and Tables -Differences tests -Differences between two correlation coefficients.
If Pearson's correlation coefficient is much smaller than Spearman's correlation coefficient applied to the same variables, it can be concluded that the variable of interest correlated consistently (if both are statistically significant), but not in a linear quantitative manner (i.e. may not be linear; may not be quantitative).
A linear relationship between experimental and estimated values (given by Eq (1.1) and Eq (1.2), respectively) was considered to be proven when Pearson's and Spearman's correlation coefficients had similar values (i.e. there is no significant statistical difference) that are statistically significant different from zero. The Kendall's as well as Gamma correlation coefficients make no assumption whatsoever about the distribution of the investigated values (it is a ratio that investigate the "concordant" and "discordant" pairs). Opposite to Pearson's correlation coefficient, Kendall's tau correlation coefficients are measures of correlation between two ordinal-level variables. When Kendall's tau correlation coefficient are applied, for more concordant than discordant pairs the value of the coefficient is positive, for equal concordant and discordant pairs the coefficient is zero.
Results and Discussion
A series of results were obtained by applying the parameters described in Table 2 on the set of androstane isomers. Four response functions were computed as the measurement space (Eq (2)-Eq (5)): retardation factor, retardation factors ordered ascending by the chromatographic peak, resolution of separation, and resolution of separation of successive peaks. The proposed response functions (Eq (6)-Eq (17)) for investigation of the reliability and validity of the model presented in Eq (1.1) and Eq (1.2) where computed based on the results of Eq (2)-Eq (5).
The retardation factor matrix (the response function of the compound separation in chromatography, defined as the relative migration distance) for each investigated compound is presented in Table 3 . The experimental and estimated retardation factor had identical values for first experiments because these were used to construct the model: the coefficients of the model with seven parameters proposed by Eq (1.1) were calculated based on experiments 1...7 presented in Table 1 . A similar procedure was followed for experiments 2...7 included in the model with six parameters proposed by Eq (1.2). The differences between experimental and estimated values (for the experiments not included in learning set) showed that the great variation was obtained by the experiment no. 11. The difference varied from -0.324 (AI1 = 5α-androstane-3β-ol, experiment no. 11, model M7) to 0.584 (AI4 = 5β-androstane-3α,17β-diol, experiment no. 11, model M6). The estimated values were greater than the experimental values in half of the cases. Systematically, the estimated values were greater than experimental values for experiment no. 10 -Eq (1.1) and lower than experimental values for experiment no. 1 -Eq (1.2).
The correlation analysis on experimental versus estimated retardation factor give the results presented in Table 4 . The analysis of the values of correlation coefficients (all values are higher than 0.5 and all correlation are statistically significant p < 1.39·10 -2 ) revealed that the models from Eq (1.1)
and Eq (1.2) have good abilities in estimation of chromatographic retardation factor. The highest correlation coefficient is obtained by the Spearman method and leads to the idea that the retardation factor is a categorical not a quantitative variable. Statistically, there was not identified any significant difference between correlation coefficients obtained by different methods, neither for Eq (1.1) nor for Eq (1.2) (the lowest value of 0.3465 was obtained in comparison of Spearman and Kendall -Eq (1.1); a p-value of 0.0780 was obtained in comparison of Spearman and Kendall τc -Eq (1.2)).
The retardation matrix ordered ascending for each chromatographic peak was obtained based on Eq (3). The results for experimental and estimated determinations are presented in Table 5 . The correspondence between each peak and the compound was known on the data presented in Table 5 . The difference between experimental and estimated values varied from -0.155 (1 st peak, experiment no. 8, Eq (1.2)) to 0.363 (5 th peak, experiment no. 9, Eq (1.1)) and 0.675 (4 th peak, experiment no. 1, Eq (1.2)). Systematically, the estimated values were higher than experimental values for experiment no. 10, for both Eq (1.1) and Eq (1.2). The correlation analysis between experimental and estimated values (by Eq (1.1) and Eq (1.2), respectively) leads to the results presented in Table 6 . Table 5 . Matrix of retardation factors ordered by the chromatographic peak: experimental vs estimated. The difference between two correlation coefficients was tested and the results are presented in Table 7 . By analyzing the results from Table 7 it can be seen that the investigated chromatographic response function is more like to be a categorical variable but not a rank variable then a quantitative variable (the Spearman rank correlation coefficient is statistically significant greater that Kendall τc applied on Eq (1.1)). The data presented in Table 6 revealed that all correlation coefficient were statistically significant (p ≤ 3.82·10 -5 ). Thus, it can be concluded that the link between experimental and estimated by Eq (1.1) and Eq (1.2) data are linear related and sustain the validity of the models from Eq (1.1) and Eq (1.2) for this chromatographic response function. The resolution of separation between any two investigated androstane isomers could be considered one of the top-three quality measurements of a chromatographic separation. The resolution matrix between pairs of androstane isomers are presented in Table 8 . The highest the resolution value between two compounds, the better the separation is considered.
The difference between experimental and estimated values for experiments 8-11 varied from to -7.232 (the resolution between 5β-androstane-3α,17β-diol and 5β-androstane-3β,17β-diol, experiment no. 8, Eq (1.1)) to 11.827 (the resolution between 5a-androstane-17β-ol and 5β-androstane-3α,17β-dio, experiment no.8, Eq (1.2)). With a single exception, the estimated exceed the experimental values (experiment no. 10, for both Eq (1.1) and Eq (1.2), respectively). The results of the correlation analysis are presented in Table 9 . 
Two out of seven correlation coefficients were not statistically significant according to the Pearson and Gamma correlation coefficients. The values of the other correlation coefficients were not significantly different by each other (the lowest p-value was obtained when Spearman and Kendall τc were compared with values of 0.2578 -Eq (1.1), and 0.1862 -Eq (1.2), respectively).
The experimental matrices of the successive chromatographic peaks and those estimated by the models Eq (1.1) and Eq (1.2) are presented in Table 10 . The difference between the experimental and estimated values varied from -0.635 (1 st peak -experiment no. 9, Eq (1.1)) and 2.172 (2 nd peakexperiment no. 10, Eq (1.1)). In most cases (four out of five), the estimated by Eq (1.1) values were greater than the experimental values for experiment no. 10. The results of the correlation analysis of the resolution matrix of successive chromatographic peaks are presented in Table 11 . The values and associated significances of the Pearson and Spearman correlation coefficients sustained the linearity of the relationship between experimental and estimated values. The analysis of the results presented in Table 11 revealed that for both equations the Pearson correlation coefficient is greater than the Spearman correlation coefficient, leading to the conclusion that the investigated response function is a quantitative variable. With a single exceptions (Gamma correlation analysis), all correlation method sustained the validity of the model from Eq (1. Seven global indicators of separation were introduced and calculated (see Table 2 ): ÷ The number distinct compounds on chromatogram DCN -Eq (7); ÷ The string of standard deviation of retardation factors ordered ascending and estimated by Eq (1) compared with ideal positions of the peaks obtained through experiment RFD -Eq (9); ÷ The string of sum of the peak resolutions obtained through experiment RSS -Eq (12); ÷ The squared of effective plate number QN-Eq (13); ÷ Average peaks separation (into experiment) RSA -Eq (15); ÷ The string of mean resolution calculated with Minkowski experimental peaks RSR -Eq (17); ÷ The string of experimental peaks with minimal resolution QF-Eq (18) .
The values associated to the global indicators of separation are presented in Table 12 and 13, respectively. The results of correlation analysis are presented in Table 14 and 15, respectively.
In investigation of the number of distinct compounds on chromatogram, no difference was obtained by both models (Eq (1.1), and Eq (1.2), respectively) for the experiments from 9 to 11 (integer numbers were considered). The same difference of two was obtained between experimental and estimated by both models for experiment no. 8; a difference of 1 for experiment no. 1 when Eq (1.2) was investigated.
Regarding the string of standard deviation of retardation factors ordered ascending and estimated by Eq (1.1) compared with the ideal positions of the peaks obtained through experiment, the lowest difference between experimental and estimated value is obtained by experiment no. 11 (0.001, Eq (1.1)), while the higher difference by the experiment no. 8 (-0.114, Eq (1.1)). The lowest difference of -0.002 was obtained by experiments nos. 8,9 & 10 and the largest difference of -0.010 was obtained by experiment no. 1 when the Eq (1.2) was investigated. The analysis of the string of sum of the peak resolutions revealed a difference between experimental and estimated of -0.731 (experiment no. 10, Eq (1.1)) and of 5.795 (experiment no. 9, Eq (1.1)). The investigation of Eq (1.2) revealed that the lowest difference of 0.432 was obtained by experiments 8, 9 & 10, and the largest of 2.000 by experiment no. 1. The lowest difference for the squared of effective plate number response function was obtained in the experiments 8, 9 & 10 (-2.582, Eq (1.2)) and the highest one by the experiment no. 8 (-39.094, Eq (1.2)). The last three global response functions had the same difference pattern between experimental and estimated values. The lowest difference is obtained in experiment no. 10 and the highest difference by experiment no. 9 for Eq (1.1) and by experiment no. 8, and experiment no. 11, respectively, for Eq (1.2).
The correlation analysis was applied also on the global quality factors. The lower sample size of experimental data is the major limitation of this analysis and explained the absence of the significance (p ≥ 0.05).
Other three response functions were implemented and computed: resolution divided by the number of effective plates -RSP; informational energy -IEne; and informational entropy -IEnt. The experimental and estimated values are presented in Table 16 .
The results of correlation analysis on these response functions are presented in Tables 17 and 18 . The difference of resolution divided by the number of effective plates obtained experimentally and estimated by model from Eq (1.1) varied into a large range: from -3.176 for experiment no. 10 to 36.548 for experiment no. 9 (see Table 15 ). The variation of the informational energy and informational entropy varied on the same pattern: the lowest difference between experimental and estimated values was obtained by experiment no. 11, while the highest values were obtained by the experiment no. 8 -Eq (1.1).
All response functions presented in Table 16 varied by the same pattern for Eq (1.2): the lowest difference is obtained by experiment no. 8 and the highest one by the experiment no. 1.
Informational response functions, energy and entropy, are parameters that investigated the disorder into the system (in our case the disorders into chromatographic analysis). For both response functions, values lower than 0.41 were obtained, these values being not statistically significant. Table 17 . Results of correlation analysis for response functions presented in Table 15 : Eq (1.1), n = 4. The summary of the acceptance of the linear relationships between experimental and estimated values by the Eq (1.1) and Eq (1.2) for the investigated response functions is presented in Table 19 .
Experiments Quality Assessment
RF, RFO, RSM, RSO, and QF chromatographic response functions can be accepted as being dependent on mobile phase composition with a good confidence, according to the results presented in Table 19 . This partial conclusion can be used now backward, in order to see what is wrong (if there is something) in the experiments. Table 20 presented the biggest 20% differences between experimental and predicted by the models values. The Diff column from Table 20 contains relative differences calculated as follows:
Results from Table 20 can be analyzed in terms of relative deviation using Eq (18) if the values of relative deviation obtained for a given model and chromatographic response functions are ordered by rank. = statistical significant at a significance level of 5%; = statistical insignificant at a significance level of 5%; RF = retardation factor; RFO = retardation factor ordered ascending by the chromatographic peak; RSM = resolution of pairs of compounds; RSO = resolution matrix of successive chromatographic peaks; DCN = number of distinct compounds on chromatogram; RFD = string of standard deviation of retardation factors ordered ascending and estimated by Eq(1.1), Eq(1.2) respectively, compared with ideal positions of the peaks obtained through experiment; RSS = string of sum of the peak resolutions obtained through experiment; QN = squared of effective plate number; RSA = average peaks separation (into experiment); RSR = string of mean resolution calculated with Minkowski experimental peaks; QF = string of experimental peaks with minimal resolution; RSP = resolution divided by the number of effective plates; IEnt = informational energy; IEne = informational entropy; A qualitative measure of experiments results can be obtained by constructing the graphical representation of experiments based on the rank sums of relative deviations. Figure 1 presents the plot of rank sums deviations for the experiments included in the estimation. The analysis of values presented in Figure 1 showed that over 60 relative deviation ranks sum are recorded for experiment no. 8 (about 46.4%), followed by over 30 relative deviation ranks sum for experiment no. 11 (about 24.6%, about half relative to the experiment no. 8). Considering a normal distribution of unbiased error, the expected distribution of deviations rank sum is uniform. Thus, the expected frequencies for ranks sums in investigated experiments are no more than 25% (no more than 34 relative deviation ranks sum). Concluding, the results obtained for deviations of rank sums suggest that results from experiment no. 8 are questionable.
Conclusions
The analyses of the data presented in Tables 19, 20 and Figure 1 leads to the following conclusions:
1. The model presented in Eq (1.2) seems to be more reliable for the estimation of chromatographic response functions on investigated androstane isomers. Four response functions (RF -retardation factor; RFO -retardation factor ordered ascending by the chromatographic peak; RSM -resolution of pairs of compounds; QF -string of experimental peaks with minimal resolution) revealed statistically significant linear relationships between experimental and estimated values. 2. The models presented in Eq (1.1) is valid and reliable in investigation of retardation factor, retardation factor ordered ascending by the chromatographic response, resolution of pairs of compounds and resolution matrix of successive chromatographic peaks; 3. Good performances are obtained in estimation of resolution of pairs of compounds but the relationship between experimental and estimated values by Eq (1.1) and Eq (1.2) could be questionable due to the absence of significantly statistic Gamma correlation coefficient; 4. Some estimation abilities were observed in investigation of the string of standard deviation of retardation factors ordered ascending estimated by Eq (1.2) compared with ideal positions of the peaks obtained through experiment; and of the string of Minkowski type mean resolution calculated by Eq (1.2) with experimental peaks. These two chromatographic response functions seem to be qualitative and rank variables. 5. Two global response functions for the separation, abbreviated as QF and DCN recorded a weak acceptance in investigation of Eq (1.1). Thus, QF are rejected at 95% confidence by Spearman (with 5.47% error), Semi-Q (6.68% error), Pearson (with 10.6% error) and Kendall τ c (with 12.6% error) even if the correlations are good (over 0.75). The small dimension of the sample size, not grater enough to provide statistical significance of the obtained correlations, explained with a good confidence the rejection of these correlations. Note that QF chromatographic response function is in fact a minimum function of resolutions of the separation, resolutions that are accepted by the model from Eq (1.1) -see 2 nd conclusion. DCN is statistically significant by the Goodman-Kruskal method (concordant vs. discordant) and is near to be statistically significant by the Spearman method (5.72% error). Thus, the rejection is recorded for a quantitative correlation, but a possible acceptance is seen by the qualitative correlation. Again, small sample size is against of a solid statistical conclusion for DCN. 6. The results presented in Experiments Quality Assessment subsection sustain the hypothesis that the proposed equations (Eq (1.1) and Eq (1.2), respectively) could be used in order to verify the quality of experimental data. The results obtained for deviations of rank sums suggest that the experimental data of the experiment no. 8 are questionable.
